Robot-assisted training is a promising tool under development for rehabilitation of 2 walking function following neurological injury. The challenges in developing the 3 controllers for gait rehabilitation devices that promote desired changes in gait is 4 complicated by the limited understanding of the human response to robotic input. A 5 possible method of controller formulation can be based on the principle of 6 bio-inspiration, where a robot is controlled to apply the change in joint moment applied 7 by human subjects when they achieve a gait feature of interest. However, it is currently 8 unclear how lower extremity joint moments are modulated by even basic gait 9 spatio-temporal parameters.
applied at specific instants during the gait cycle, with the advantage of not constraining 75 gait to follow prescribed trajectories [16] . This approach has been shown in previous 76 studies to be a successful method of robot-assisted gait training [17, 18] . However, in 77 absence of models of the human response to a robotic input, it would be difficult to 78 define parameters for such a controller acting on multiple degrees of freedom. A possible 79 method of controller formulation can derive from the principle of bio-inspiration, where 80 a robot is controlled to apply the difference in joint moment applied by human subjects 81 when they achieve a desired gait feature (in this case modulation of TLA), relative to 82 their normal walking condition. Once the effects of the variable of interest have been 83 identified, a rehabilitation robot could be controlled in either assistive, resistive, or 84 perturbation mode to deliver different forms of robot-assisted training [19] . To support 85 the development of such a controller, we first required knowledge about the joint 86 moments applied by healthy control subjects to modulate TLA at a range of GSs. Since 87 TLA has not been a primary measure of interest in the biomechanics literature, we 88 extended our search to a more common variable, likely correlated to TLA, such as stride 89 length (SL).
90
The joint kinetics associated with GS modulation in healthy control subjects have 91 been thoroughly elucidated in the literature, where an increase in GS is generally 92 associated with increase in magnitude of peak joint moments. A very early investigation 93 examining knee kinetics found increasing GS to be strongly correlated with an increase 94 in peak knee extension moment [20] . Further work found peak hip flexion and extension 95 moments, knee flexion and extensions moments, and ankle plantar and dorsiflexion 96 moments to all increase with GS. However, these changes in joint kinetics to increasing 97 speed were primarily observed at the hip, particularly in extension, and secondarily at 98 the ankle for purposes of support [21] . Most recently, an increase in GS was observed to 99 be associated with an increase in peak hip extension moment during loading response, 100 knee flexion moment in late stance and peak ankle plantarflexion moment [22] . 101 However, fewer investigations have focused on the joint kinetics associated with the 102 modulation of spatiotemporal parameters such as SL or TLA. Summed joint work has 103 been observed to be strongly correlated with SL in both young and old adults, where 104 young adults primarily utilized swing phase hip work to modulate SL and old adults 105 utilized ankle and knee joint work [23] . An early investigation found stance phase peak 106 June 28, 2018 4/26 knee extension moment to be strongly correlated with increasing SL [20] . A more recent 107 and in-depth investigation found that as SL increased, peak ankle plantarflexion 108 moment, plantarflexion moment at 40% of stance, and peak knee extension moment all 109 increased, while peak knee flexion moment and peak hip flexion moment decreased [24] . 110
Thus far, the factorial modulation of both GS and SL and resulting hip, knee, and 111 ankle kinetics has not been investigated; as such it is unclear how lower extremity joint 112 moments are modulated by both gait parameters. Addressing this gap of knowledge, we 113 designed an experimental study to establish the effects of GS and SL on the resulting 114 hip, knee, and ankle joint moments. The findings are intended to inform the design of a 115 robotic assistance controller that delivers pulses of torque to the lower extremity joints 116
with optimal timing and amplitude to induce desirable modulations of gait 117 spatiotemporal parameters. Froude number has been extensively used to describe the conditions underlying the 213 transition from walking to running in several species [28] . As such, we used the Froude 214 number as an index of across-subject dynamic similarity in ss-GS: a smaller variance of 215
Froude numbers within a group of individuals should reflect consistent gait kinetics. We 216 calculated the coefficient of variation CV F r = σ F r µ F r as the ratio between the standard 217 June 28, 2018 8/26 deviation and the mean of Froude numbers corresponding to the ss-GS condition, and 218 compared it to alternative indices, CV ss−GS = σ ss−GS µ ss−GS that uses ss-GS, and 219 CV ss−GS0 = σ ss−GS 0 µ ss−GS 0 that uses ss-GS normalized by leg length.
220
Two gait parameters were also calculated; SL was measured using eq. (1), while We sought to determine if the two factors GS and SL had any significant effect on the 228 sagittal plane moment profiles for the hip, knee, and ankle jointτ (t), and, if so, at which 229 phase of a gait cycle was a significant effect of either factor measured. We conducted an 230 analysis for the main effects of the two factors, GS and SL, by implementing a Bonferroni correction (n = n comp ) on the paired difference thresholds calculated by 257 SPM1D.
258
Torque pulse approximation 259 We then conducted a second analysis with the specific purpose of deriving candidate 260 primitives for a controller based on the application of pulses of torque as select phases of 261 the gait cycle. As such, we sought to approximate the effect of SL modulation on joint 262 moment profiles with a series of rectangular pulses of torque. First, the normalized 263 difference ∆τ (t) of subject specific average joint moment profiles τ (t) between 264 conditions of positive or negative SL, and ss SL, at each gait speed j were extracted as: 265 ∆τ (j)
The rectangular torque pulses P ± (t) were defined using a constant duration of 10% 266 of gait cycle, variable time of application α l , and amplitude A l as in the equation:
For this specific work, we examined the one and two pulse (N = 1, 2) approximation 268 of the function ∆τ Fig 2. (Left) the distribution of mean Froude numbers with 95% confidence intervals at the various treadmill imposed GSs, (center) normalized stride lengths measured at various speeds and biofeedback conditions. The box plot shows the median as a horizontal line, and the box at 25% and 75% percentiles, with whiskers extending to ±3σ, and (right) mean trailing limb angle and mean normalized stride length for each of the 15 conditions for each of the 20 subjects. Linear regression indicates that there is a strong correlation (r = 0.87) between the two measures.
We calculated the mean TLA and SL 0 value for each of the 15 conditions for all 312 subjects to assess the correlation between these measures; see right side of Fig. 2 .
313
Linear regression demonstrated a strong correlation (r = 0.87) between SL 0 and TLA, 314
which indicates that subjects also modulated TLA while achieving biofeedback cued SL 315 modulation. The group analysis of joint moments in the three SL conditions across five 316 GS conditions is depicted in Fig. 3 
Continuum analysis 318
The continuum analysis showed an effect of GS on the normalized joint moment profiles, 319
where a significant effect of GS was detected for a total 82.2%, 78.8% and 64.1% of the 320 gait cycle for the hip, knee, and ankle joint respectively, as shown in Fig. 4 . The effect 321 of SL on hip joint moment was significant for four short clusters in early to midstance, 322 at push-off, and two clusters spanning the majority of swing for a total duration of a hip joint moment during stance were observed in more than one GS condition. A 342 similar pattern is observed when SL is decreased via biofeedback (Fig. 5, left) . For the knee, during increased SL conditions (Fig. 6, right the increased knee extension at early stance (a significant effect was measured only in 349 four out of five GS conditions, Fig. 6, right) .
350 Fig 6. T-scores resulting from pairwise comparisons of normalized knee torque moment at normal and modulated SL (columns), measured at the same GS, for each GS (row). Red dashed lines show the threshold t value that provides a corrected type I error rate α = 0.05, extracted using a Bonferroni correction that accounts for all pairwise comparisons n comp = 30.
For the ankle, during increased SL conditions (Fig. 7, right) , ankle dorsiflexion 351 moment increased at early stance, while no effect on plantarflexion moment was 352 measured at push-off. A similar pattern was observed for a decrease of SL ( Fig. 7,   353 right), with a greater effect measured in terms of increased plantarflexion moment at 354 early swing (significant at all GSs). In two out of five GS conditions, the decreased SL 355 condition exhibited a reduced ankle plantarflexion moment during push-off significant at 356 the group level. interactions between joint and pulse sign, SL modulation and pulse sign, and joint, SL 385 modulation, and pulse sign for both pulse approximations. The factor of pulse sign was 386 only significant for the one pulse approximation and the factor of SL modulation and 387 interaction of joint and SL modulation were only significant for the two pulse 388 approximation.
389
The three-way interaction between joint, SL modulation, and pulse sign was broken 390 down using the Tukey-Kramer post hoc test to find the significant differences between 391 torque pulse location, for a given joint, under different combinations of factors SL 392 June 28, 2018 16/26 pulses in positive SL conditions, while the same effect was not measured for the hip and 411 ankle joints. However, this pattern was not observed in the two pulse approximation; in 412 which one out of the four hip and ankle joint comparisons and one of the two knee joint 413 comparisons were statistically significant. For the one and two pulse approximations, all 414 knee joint mean comparisons were below 10% gait cycle, the width of the torque pulses 415 used for the approximation. Discussion 417
416
We exposed subjects to a factorial modulation of gait speed (GS) and stride length (SL) 418 and utilized inverse dynamics to estimate the lower extremity joint moments in the 419 sagittal plane. With our protocol, we modulated SL of individuals significantly between 420 conditions, with a mean change in SL equal to ±15% of the self-selected value, close to 421 the target ±17% with a relatively low standard deviation of 3.86%. Furthermore, 422 inter-individual variability in self-selected gait speed (ss-GS) was reasonably small, with 423 a coefficient of variation CV ss-GS = 0.103. Based on these measures, it is apparent that 424 our protocol significantly modulated both SL and GS, such that statistical analysis may 425 be performed to assess changes in joint kinetics arising from exposure to these conditions. 426
Our analysis showed a strong correlation (r = 0.87) between SL and TLA, indicating 427 that TLA was indirectly modulated through the explicit cueing of SL modulation. Our 428 June 28, 2018 18/26 data analyses focused primarily on the effects on joint kinetics introduced by 429 modulation of SL at various GSs and secondarily on the effects introduced by GS.
430
The most prominent effects of SL modulation on joint moment were observed for the 431 knee joint. Simple visual inspection of the normalized joint moment profiles, Fig. 3,   432 clearly indicates the effect of SL on joint moment, where stance phase peak extension 433 moment and peak flexion moment increase with increasing SL as well as increasing GS. 434 Increasing peak knee extension moment with SL was also observed previously [20, 24] 435 while increasing peak flexion moment is in contrast with the previously observed the highest percentage of all three joints. The significant effect of SL on peak flexion 441 and extension moments during stance is supported by the pairwise comparisons between 442 joint torque measured at different SL conditions (Fig. 6) . Here, significant effects at 443 early stance support an increase in knee extension moment with increasing SL, and 444 significant effects in late stance support an increase in knee flexion moment with 445 increasing SL. These effects introduced by increases in SL are also captured by the on knee joint moment derives from the fact that the one and two pulse approximations 462 yielded a significant effect of the joint and SL modulation interaction on magnitude 463 (p < 0.001) with Tukey-Kramer post hoc tests indicating the knee having the greatest 464 normalized pulse magnitude (Tables 3 and 4 and Figures 10 and 11) . Overall, our 465 findings indicate that the effects of SL on the knee joint moment can be described as 466 follows: knee extension moment at early stance and knee flexion moment at late stance 467 are increased for an increase in SL, while knee extension moment at early stance and 468 knee flexion moment at late stance are decreased for a decrease in SL.
469
Significant effects of SL modulation were also observed at the hip joint. As indicated 470
by the main effect of SL quantified by the continuum analysis, there are two major in SL and positive pulses in late swing for negative change in SL. However, the pattern 481 is less clear than the one seen at the knee joint because of the small magnitude of those 482 pulses occurring in the swing phase, which even though they are representative of a 483 statistically significant effect, they account for a small amplitude (see distribution of 484 larger pulses in Fig. 12 and 13 ). As such, the effect in SL obtained for a change in 485 magnitude of the applied torque is not symmetrical (Tables 7 and 8 showing a significant effect for the transition from -17% ss to ss-SL, and no significant 502 effects measured for an increase in stride length over the self-selected value.
503
Conclusion 504 Our study has measured the effects of stride length (SL) on the lower extremity joint 505 moment profiles at different speeds, demonstrating several consistent effects in our 506 population. The main effects of increasing SL at the knee include an increase in knee 507 extension moment at early stance and an increase in flexion moment at late stance. At 508 the hip, the main effects of increasing SL are a decrease in flexion moment during early 509 swing and a decrease in extension moment during late swing. For an increase in SL, the 510 ankle primarily exhibits an increase in dorsiflexion moment during loading response.
511
Given the observed linear relationship between SL 0 and TLA, pulse torque 512 approximation patterns associated with SL modulation are also associated with TLA 513 modulation. These findings suggest that a possible joint moment assistance strategy 514 based on pulses of torque applied primarily at the hip and the knee joint could induce 515 modulations in both SL and TLA. According to our analysis, the application of positive 516 pulses of torque in early stance and a negative pulse in late stance to the knee appear to 517 be suitable candidate assistance strategies to support an increase of SL and TLA during 518
walking. If pulse torque assistance is to be applied at an additional joint, pulse torque 519 assistance could be applied at the hip with a negative pulse applied during late swing. 520
This study has some limitations. The methods pursued in this paper are based on a 521 group analysis of joint moment profiles measured via inverse-dynamics. As such, it is 522 June 28, 2018 21/26 possible that the most successful assistance strategies may significantly change between 523 different individuals. Therefore, the group analysis based assistance strategy candidate 524 could be best utilized as an initial estimate and assistance strategies could be iteratively 525 optimized for each subject using human-in-the-loop optimization, like it has been done 526 for single-joint assistance schemes [17] .
527
Moreover, the proposed assistance strategy candidate is based on the assumption 528 that human contribution will not change when an assistive torque is applied via a 529 wearable exoskeleton, such that the combination of torques applied by the two agents 530 would result in a simple summation. However, it is well known that the human 531 neuromuscular system is non-linear [32] and it involves complex feedback loops [33] . As 532 such, the response to a torque perturbation at a specific instant in gait cycle will be 533 difficult to predict. Given the difficulty of formulating a model of the human response 534 to these assistance strategies, once again the results of this analysis work could be used 535
as an initial estimate to be iteratively optimized for each subject using 
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